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MECHANICAL PROPERTIES, SOLUBILITIES, AND PROCESSABILITIES IN
THE DESIGY OF THE FIRST SUPER-STRONG LIQUID-CRYSTAL POLYMERS

by
F. Dowell
Theoretical Division
Los alamos National Laboratory
Lniversity of California
Los Alamos, NM 87545

Introduccion:

Solidified super-strong (SS) liquid-crystalline
polymers (LCPs) are designed to be the first polymers to
have good compressive strengths, as well as to have tonsile
ctrengths and tensile moduli significantly greater than
existing sctrong LCPs (i.e., backbone LCPs, such as Kevlar).
These SS LCPs have also been designed with certain features
to pive pgood solubilities and processabilities.

SS LCPs are a class of specially-designed combined LCPs
in which the backbones align with other backbones while the
side chains of different molecules align with each other in
interdigitated structures, leading to three-dimensional (3D)
LC ordering of the molecules. The side chains pack more or
less perpendicularly to the backbones. See Fig. 1.
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FIGURE 1. Schematlc diagrams for SS LCPs illustrating

ta) the tendency of the backbones and side chuins to pack in
a plane, and the oricentational alignment ol these planes,
such that the backbones in one plane align with backbones in
other planes and similarly for side chains;

(b) sub-molecular strips of a molecule packing in adjacent
parallel planes; and (¢) sifde-chain interdipitation with
several diffevent molecules in different sub-molecular

strips.  [The llaes represent the long axes of the parts of
the molecules, where these parts can have both 1mpgid and
semi! lexible sections.  The acrows Indicate the continuatlon

of the bhackhones . |

As seen In Figs  1(h)-1(e¢), small naturally-oceurring,



-
-Z-

defects in the packing of the backbones and side chains of
the SS LCP molecules give rise to an effective long-range 3D
LC ordering (thus, strength) in cthe system.

The key feature of this new class of LCPs is 2D
exceptional strength on a microscopic, molecular level
(thus, on a macroscopic level), in contrast to prerent LCPs
(such as Kevlar) with their 1D exceptional strengrh. While
existing strong LCPs are limited in technical applications
primarily to fibers in woven fabrics and composite matrices,
SS LCPs can be used to make fibers, films, and bulk
materials from the pure SS LCP (as well as from the SS LCP
in a composite matrix).

The theoretical prediction and design of the first SS
LCPs was mentioned by this author in Ref. 1 and has bezn
detailed by this author in Refs. 2, 3, and 4(a). The author
has filed a patent application(5] on the details of the
theoretical prediction and design of the first SS LCPs. SS
LCPs were first proposed[6] and designed by this author in
1983. At the request of a related effort at Los Alamos to
chemically synthesize some of these theoretically-designed
SS LCPs, the author had delayed disclosure and publication
(until recently) of the details of the theoretical
prediction and design of the SS§ LCPs until the firsc
syntheses were close to completion.

The prediction and design (atom by atom, bond by bond)
of the molecule chemical structures of the first SS LCPs was
accomplished using the theory presanted by this author in
Refs. 2 and 4 and earlier versions of this rheory as
presented by this author in other papers{l,7-13} dating back
to 1983. The theory gives very good agreement (relarive
deviations between 0% and less than 6.2%) compared([2,4] with
experiment for various thermodynamic and molecular ordering
properties (including transition temperatures between
various phases, orientational ordering, and radii of
gyration) for existing backbone LCPs and side-chain LCPs, as
well as trends(1,2,4,/-13] in various thermodynamic arnd
molecular ordering properties as a function of pressure,
temperature, and details of molecule chemical structure for
various [.C systems. There are no ad hoc or arblrrarily
adjustable parameters In this theory.

Enhanced Mechanical Properties:

Table [ shows the calculated increases In mechanical
properties (tensile modulus, tensile strenpth, and
compressive strength) for several theoretically-desipned §§
LCPe over tnese properties for the respective backbone LOPs.
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TABLE 1. Calculated increases ir mechanical properties of
several theoretically-designed SS LCPs over the respective
backbone LCPs.

tensile tensile compressive
S$ LCP modulus strength strength
- (GPa) (GPa) (GPa)
b-Kev-1 / s-Kev-1 [NH] 806 12 12
b-Kev-1 / s-PBT-0 881 9 9
b-Kev-1 / s-PBT-1 933 10 10
b-PBO / s-PBO-1 945 10 10

* GPa = gigapascals.

In the name abbreviations for these SS LCPs, the backbone
abbreviacion (b-...) is piven before the slash and the
side-chain abbreviation (s-...) after the slash. The
molecule chemical structures of these SS LCPs are given here
(where dp is the degree of polymerization):

Backbones:
0 0O H H
I 1 ]
Kevlar-type: b-Kev-1; c .@ c-N{O) N T
d
side P
chain
0 N
PBO-type: b-PBO: O \ m\
N 0
d
side P
chain
Side Chains:
roviar-1ike:
reviar-dike 0 H 0o H 0
| —_— ol !
s-kev-1 1] (O € - N {Q)- € - N {O)- € =N back-
JE—

bhone

BT Like:

< PRT-0: <@4<\;j <:\>_<@ S — backbone



S N
s-PBT-1: 6 \\I)@S\/\—\Q)— S — backbone

The PBO-like side-chain s-PBO-1 is obtained by substituting
-0- for each -S- in s-PBT-1.

The chemical syntheses of the theoretically-designed SS
LCPs b-Kev-1 / s-Kev-1 (NH], b-Kev-1 / s-PBT-0, and
b-Kev-1 / s-PBT-1 in Table I are nearing completion at Los
Alamos. [14,15]

For some SS LCPs, the side chains of a molecule pack on
aiternating opposite sides of the backbone, as shown in
Fig. 1. For the 5SS LCPs in Table I, the side chains of a
molecule pack on the same side of the backbone.

The better the processing of the LCP, then the closer
one comes to achieving the increases in mechanical
properties shown in Table I.

The increases in tensile strength and compressive
strengcth for the SS LCPs in Table I are the same, since
these increases involve the work done when an interdigitated
side chain is moved away from a second side chain and closer
to a third side chain--up to the point of repulsion of the
first side chain out of the plane of packing, thus causing
physical failure of the sample. (Here, the first side chain
starts out interdigitated between the secoud side chain and
the third side chain.) This work is the same under tension
as under compression. See Fip. 1(a).

For comparison, here are the cxpcrimental ranges|16] of
values of mechanical properties for the backbone LCPs
Kevliar, PBT, and PBO: 130 to 365 GPa for tensile mcdulus,
3.5 to 5.8 GPa for tensile strength, and 0.40 to 0.48 GPa
lor compressive strength. Kevlar is the same as b-Kev-1
without a slde chaln (s-...); PBO 1s the same as b-PBO
without a side chain (5-...): and PBT 1s rhe same as PBO,
excopr every -0- in PBO has been replaced by -S- {n PBT.

The calculated Increases In mechanical propertics for
55 10Ps are about 2 to 7% times the reperted experimental
mechanlcal properties for the backbone LCPs, with the
larpest Increases occurring (as expected) In the compressive

strength, It has been estimated (see Ref. 16) that the
perimental values tor the hackbone LECPs could be doubled
dth maximized processing.  Even with maximized processing

of exlsving backbone LCPs, the 8§ 107”5 are scill calculated
to have sipgnilicantly enhanced meclinmical propertfios.,

The calculated facreases for mechanical propertles tor
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SS LCPs in Table I are consistent with the calculated
enhanced LC orientational and positional ordering of these
SS LCPs, as presented elsewhere(3,4(a)] by this author.

Enhanced Solubilities:

The side chains in the SS LCPs greatly improve the
solubilicy of the backbones. The side chains are predicted
to be soluble in most of the same common tractable solvents
in which monomeric LC molecules are soluble. The solubility
of the side chains in these solvents thus increases the
solubility of the whole molecule (including the backbone) in
these solvents. That is, the side chains help pull the
backbones into solution.

Enhanced Processabilities:

Each side chain in SS LCPs is connected to the backbore
via a partially flexible joint that is, via a small
functional chemical group (such as -0-, -S-, -NH-, -CH2-)
that is connected by only a single bond to the backbone and
by only a single bond to the rest of the side chain. The
small size of this group and the semiflexibility of these
single-bond connections will allow the side chain to be fold
down somewhat--with minimum steric hindrance--parallel to
the backbone (after the manner of spokes or ribs of an
umbrella) wvhen linear processing (such as flow through a
pipe) of the SS LCP is required. See Fig. 2.

After linear processing is completed, the side chairs
can be then be folded back out from the backbone so as to
pack more or less perpendicularly to the backbomne such that
the LCP molecules align in the three dimensions (i.e.,
hackbones align parallel to one dlimension and
the side chains align in the other two
dimensions) as required for super-strong
mechanical properties. See Fig. l(a). Flg. 2
is a higher energy state than Filg. 1l(a).

FIGURE 2. Schematic diagram showing the side
chaln< folded down somewhat in linear
processing.
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